The combined piston can be used in an aero piston heavy fuel engine because of its light weight, so as to reduce the reciprocating inertia force and improve the engine power-weight ratio. However, the pin bore of the combined piston is prone to deform leading to the failure of the piston. Based on the structure of the piston, the stress of the piston under thermomechanical coupling is analyzed, the temperature field of the piston is determined by experiments, and the deformation rule of the piston pin bore under the thermomechanical coupling is summarized. A design scheme is proposed to change the position of the thread connection between the piston crown and the piston head. Under the same conditions, the deformation of the piston pin bore of the original scheme and the new scheme is analyzed. The results show that together with the changing of the connection thread between the piston crown and the piston head, the deformation of the piston pin bore decreases by 60 μm and the deformation of the piston pin bore is controlled. The test results show that the deformation of the pin bore is within the acceptable range, which proves the effectiveness of the improved scheme.
Introduction
Because of the military's single standard on fuel and the economy and availability for civil use, the compression ignition aviation piston engine has become a hot research topic [1] . Compared with jet engines, compression ignition piston-propeller aircraft has better fuel economy [2] , low noise [3] , emission, and easy maintenance. The unmanned aerial vehicle (UAV) needs a long hovering time; the engine is required to have high fuel economy, but the jet engine cannot meet this requirement. Civil piston propeller aircraft are used for pilot training, rescue, private flight, etc. Pilots want to use an economical and available fuel [4, 5] ; all these have promoted the development of the aviation diesel engine. At present, a general aircraft mainly uses aviation gasoline engines, compression ignition aviation heavy fuel engines are used less, and there are very few reports on their research [6, 7] . To reduce the weight of the piston, lower the piston inertia force during the reciprocating process, and improve the power-weight ratio, some aviation piston compression ignition engines adopt a combined piston with the head made of high strength steel and piston skirt of aluminum alloy. But the lightweight problem is not the main focus of this paper; the combined piston consists of two parts. The inhomogeneous material properties and the defect of the structure design will lead to piston fatigue. At present, the combined piston is mainly used in automobile engines, which has hardly been used in an aviation piston engine. Rebhi et al. have studied the key components of the aircraft engine, such as the cylinder head; observed and analyzed fatigue cracks; confirmed that the crack origin was located at the most stressed area; and done a lot of research work on fatigue lifetime in terms of material properties of aircraft and engine components [8] . These studies are of great significance for improving the life of engine components or the reliability of aircraft systems. They focus on the finite element theory without changing the internal structure of components, but the research methods can be used for reference in the fatigue analysis of the combined piston [9] [10] [11] . Liu et al. has researched the relationships between the piston life and stress in different thermal, mechanical, and thermalmechanical coupling conditions, but the integral piston studied by the authors is not a combined piston. The internal structure of the combined piston is different from the integral piston, and the stress and deformation of both pistons are different under the same conditions [12] . Ijaz et al. has researched a comprehensive delamination crack growth mathematical model under fatigue loading, but it is suitable glass fibre-reinforced plastic composite laminates [13] . Yu et al. has researched that the appearance of longitudinal inclusion clusters of excess size in the crack origin zone is mainly responsible for the failure of the piston pin and improvement of steel purity is suggested to prevent future piston pin failures [14] . Most scholars have done a lot of research on the deformation of piston skirts and piston pins; these studies are not closely related to the combined piston [15, 16] or improve piston performance by adding a coating to the piston crown for preventing piston deformation; these improvements have nothing to do with the internal structure of the piston [17, 18] , but there are few reports on the research of the pin bore of combined pistons. The type certification of the aviation piston engine has always been restricted by the reliability of the piston, which has become a major obstacle to the development of the power of general aviation aircraft. Based on the deformation of the combined piston pin bore of a developing aviation piston heavy fuel engine as the research object, the paper analyzes the internal structure of the combined piston; also, the rule between the deformation of the piston pin bore and the position of internal thread is studied under the conditions of cylinder pressure, mechanical load, side force, and other multifield coupling. What is more, a new solution is also provided to solve the technical problem of the deformation of the combined piston pin bore. The proposed design scheme can improve the reliability of the engine piston and greatly shorten the time for the engine to obtain airworthiness certi-fication. At present, some research institutes are developing aero diesel engines and some companies are researching a combined piston for marine 2-stroke diesel engines and 4-stroke automotive diesel engines, which can be used for reference by these institutes. It can even be derived to a similar combined structure design to provide ideas for structural optimization design.
Internal Structure and Failure Description of the Combined Piston
It is more suitable to use forged steel for the piston because this type of engine uses kerosene or diesel as fuel which has a large explosion pressure in the cylinder and high combustion temperature. However, the aviation piston engine has strict requirements on weight. So, it needs to reduce the weight of the piston as much as possible and also to reduce the inertia force of the piston in high-speed reciprocating motion. For this reason, the piston adopts a combined design which means the piston crown is made of forged steel while the piston skirt is made of aluminum alloy connected by a thread. The piston structure is shown in Figure 1 .
A large amount of deformation on the piston pin bore occurs when the engine is having endurance testing. The value is 0.06 mm and more than what manufacturers allow. The gap between the pin bore and pin leads to a strong impact of the piston in high-speed reciprocating motion, which further aggravates the deformation of the piston and pin bore, until the engine cannot work properly, affecting flight safety.
Simulation Analysis under the Condition of Thermomechanical Coupling
In order to analyze the deformation of the combined piston pin bore, simulation analysis is carried out. According to the boundary conditions, the deformation law of the piston pin bore is summarized and the modification scheme is proposed. Before numerical simulation analysis, the material of the piston crown and the piston skirt needs to be defined in order to provide accurate conditions in finite element analysis. Mechanical performance parameters of the piston components are shown in Table 1 . After the 3D model is established, the finite element analysis software is introduced to conduct grid division. Because the quadratic tetrahedron unit has the same calculation accuracy as the hexahedron unit, there is a smaller bandwidth matrix and shorter calculation time. Besides, it can adaptively partition the structure of special location and automatically implement grid encryption. Therefore, quadratic tetrahedron units are used and division results are shown in Figure 2 3.2. The Application of Boundary Conditions. The accuracy of boundary conditions is directly related to the results of numerical simulation, which directly affects the analysis of engineering problems. Therefore, precise boundary conditions are required before numerical simulation. For the boundary conditions of the piston, mechanical stress load and temperature field are the main factors. (1) Cylinder Pressure Acting on the Piston Crown. Through the simulation software, the gas pressure curve of the piston crown at the maximum speed of the engine is obtained, and the experimental value is compared with the simulation value to verify the correctness of the simulation curve. Shown in Figure 3 is the maximum force curve on the piston.
(2) The Side Force Acting on the Piston. The side force of the piston is produced in both the compression stroke and the power stroke. When the piston is doing work, the main thrust surface is subjected to side force. While the piston is compressed, the secondary thrust surface is subjected to side force. The side thrust curve of each piston in a period is shown in Figure 4 with the maximum side force of 5182 N and the maximum secondary thrust of -2489 N.
Temperature Field Measurement and Numerical
Simulation. Temperature field and heat transfer coefficient are important boundary conditions for the piston thermal analysis [19, 20] . The third type of boundary condition is usually adopted in the analysis of the piston, which requires the temperature T and heat transfer coefficient α of the peripheral medium to be given. The G. Eichelberg formula is usually selected to calculate it [21] . The experiment can be conducted after calculating the heat transfer coefficient and temperature field [22] . Then, the actual temperature field on the piston surface is measured and the heat transfer coefficient is constantly revised until the measured value is basically consistent with the actual value.
where p g is the instantaneous pressure of gas, MPa; T g is the instantaneous temperature of gas, K; and C m is the average velocity of the piston, m/s. The hardness plug method is commonly used to measure the temperature field of the piston, which has little influence on the temperature distribution and the piston strength and also is easy to operate. The hardened temperature plug material is made into screws which are screwed into the area to be measured. Then, the engine runs 2 hours under the condition of a fatigue endurance test and then stops after cooling. 3 International Journal of Aerospace Engineering Afterwards, the hardness plug is removed and the hardness is measured by a micro hardness tester after polishing. The temperature found correspondingly to relationship curves between hardness and temperature is the measured value. The installation of the experimental measurement point is shown in Figure 5 . International Journal of Aerospace Engineering After the experiment, the hardness screws should be removed shortly after the engine stops. At the time, the piston is still hot and the hardness screws are not yet gummed. The hardness plug is taken out by professional fixture, and its end surface is polished. Only one person should measure the reading to reduce the measurement error. The temperature is determined according to the measured hardness value and cooling time.
The data of several important parameter points in the experiment are recorded as shown in Table 2 .
The comprehensive heat transfer coefficient of the piston is modified according to the measured value of the piston, and the thermal boundary conditions under the condition of 2700 r/min are obtained as shown in Table 3 .
Based on simulation through the above boundary conditions, numerical simulation is carried out on the piston in the Workbench. We entered the ambient temperature and the convective heat transfer coefficient in Table 3 successively into each face, and the piston temperature field calculation results are obtained as shown in Figure 6 .
The analysis results of the piston temperature field show that the maximum temperature of the piston crown is 530.6°C and of the combustion chamber bottom is 498.4°C. The temperature of the fire shore is 384.7°C; the lowest temperature of the piston skirt is 116°C. The simulation result of the whole temperature field is not far from the actual measurement result, which verifies the accuracy of the numerical simulation and provides a reliable theoretical analysis basis for the subsequent scheme optimization. Meanwhile, it is known from Figure 7 that the temperature of the measuring point 2 below the first ring groove is lower than that of point 7 in the exhaust side. The numerical results are 148.2°C and 176.4°C. This is because the engine uses piston scavenging; the cold air entering from the intake port plays a certain cooling role on the piston. While the temperature of measuring point 3 in the piston pin bore is close to that of measuring point 6, which are 164.3°C and 169.6°C, respectively, both measuring points are inside the piston and the temperature distribution is even. Among these, the simulation value of point 3 is close to the measured value while the temperature of point 6 is 12°C or so lower than the actual temperature, with some error.
Simulation Analysis.
Mechanical stress is added separately in the analysis including gas pressure, side thrust, and other main loads. Generally speaking, mechanical stress and strain are the main factors of piston pin bore deformation. The force and the deformation of the piston pin bore under simple mechanical load are considered. In addition, thermal stress is added to simulate thermal coupling of the engine, and the force and the deformation of the piston pin bore are comprehensively observed under the condition of the joint action of the thermomechanical stress field. Figures 8 and 9 show the main deformation and stress nephogram of the piston under mechanical stress. Under the action of simple mechanical stress, the maximum stress of the piston is on both sides of the pin bore and the maximum stress is 208 MPa. This is mainly because the transition angle between both sides of the piston pin bore and the piston skirt intersection is not big enough, resulting in local stress concentration. The maximum stress produced on the piston pin bore upper surface is 105.2 MPa, while the stress of the piston skirt is even lower than the stretch limit of the material. This is because the gas pressure transfers the force to the piston pin through the upper surface of the piston pin bore; the piston pin bore is under great pressure in the whole engine cycle work. Therefore, the whole piston under the action of mechanical stress is safe.
The maximum deformation of the whole piston is 0.044 mm under the action of simple mechanical stress and mainly at the piston pin bore, which indicates that the piston is deformed under the combined action of gas pressure, side thrust, friction, and other stresses. Besides, the deformation value exceeds the maximum allowable deformation value of the piston pin bore. In many stress fields, gas pressure plays a leading role in the deformation of the piston pin bore.
Thermal stress is added to analyze the stress and the strain of the piston and the pin bore under the thermalmechanical coupling, as shown in Figures 10 and 11 . The piston is fully dissected, and the deformation nephogram is enlarged by 50 times; it is found that the maximum deformation of the piston occurs at the periphery of the piston crown reaching 0.23 mm. This indicates that the temperature field has an important influence on the deformation of the piston head.
There is almost no deformation at the pin bore because the female thread of the middle area of the piston head is connected with the male thread of the piston head. The tip of the piston expands at the edge due to thermal stress.
The minimum deformation value is 0.065 m at the middle position of the piston pin bore while it increases 0.021 mm under the simple mechanical stress, which means that thermal stress has little effect on pin bore deformation.
The maximum stress of the piston is 359 MPa. It mainly occurs at the piston crown, which indicates that the temperature field plays a major role in the stress change here; high temperature affects mechanical properties of metals. The maximum stress at the piston pin bore is 168 MPa, which Local structure is modified without changing the overall structure based on the theoretical analysis and comparison with the existing piston structure. It is hoped that the deformation of the pin bore can be reduced to the permissible clearance range of the engine assembly. Applying the same load, the two schemes The simulation results are shown in Figure 14 . Figure 14 is the comparison of the deformation amount of the piston pin bore before and after changing the position of the connecting thread. It can be seen from the analysis that the deformation amount of the pin bore changes when the connection position of the screw thread changes, which is greatly reduced compared with the original design. Take A and B on both sides of the pin bore as standard and the generatrix on the pin bore as the research object to measure its deformation value. When it is of the original connection mode, the deformation amount of the pin bore is shown in Figure 14 on the left. Taking slice A and slice B as standard, the maximum deformation amount is 0.06 mm. When the thread connection position changes, the deformation of the pin bore is shown in Figure 14 on the right. Also, taking A and B as standard, the maximum deformation is 0.01 mm and reduces by 83.3%, the pin bore deformation is greatly reduced, and the reliability of engine operation is improved. If the deformation value exceeds the maximum deformation range, the piston will deviate or even knock the cylinder during reciprocating movement. Therefore, the deformation of the pin bore plays an important role in the normal operation of the piston. The change of the position of the connecting thread has a good effect on restraining the deformation of the pin bore.
Before and after changing the position of the connecting thread, the deformation of A and B surfaces on both sides of the pin bore also changes greatly. When the original connection is made, the deformation of A and B is shown Figure 14 . Friction between the pin and the pin bore leads to an oval shape on A and B of the pin bore. When the new design scheme is adopted, the deformation of A and B has been greatly improved compared with the previous one. As shown by the blue line in Figure 14 , the deformation of A and B no longer presents an oval shape but a regular round shape. The radius value of B is about 0.002 mm larger than A, which is mainly because the stress on main force surface is different from the thrust surface under the reciprocating piston effect. International Journal of Aerospace Engineering However, the difference is acceptable because of its small impact on the engine.
The Overall Deformation Analysis.
After analyzing the deformation of the piston pin bore, the deformation of the whole piston before and after changing the thread position is observed and compared. By applying the same boundary conditions, the stress and deformation of the piston assembly and the piston pin bore are observed under the combined action of temperature field and mechanical stress, as shown in Figures 15 and 16 .
The maximum stress at the piston crown changes from 359.95 MPa to 472.74 MPa, increasing 32.17% after the improvement. The maximum stress area is transferred from the bottom of the combustion chamber to the point where the fire bank meets the first ring groove. This is mainly because the top of the combustion chamber is losing constraints and the entire piston crown is acting upwards under the action of thermal stress and reciprocating inertia force after changing the connecting position, then larger stress is produced in the weak junction. Because the stress is still less than the tensile strength of the piston material, it is still within the safety range.
The maximum stress at the piston pin bore does not change much at 173.5 MPa, which is slightly less than the 168 MPa before the improvement, indicating that the pin bore was mainly affected by gas pressure.
The new design has great influence on the overall deformation of the piston. The current maximum deformation is 0.236 mm, which only increases 0.007 mm from 0.229 mm before the improvement. Moreover, the position where maximum deformation is taking place basically does not change. However, it plays an important role in restraining the deformation of the piston pin bore.
The Experiment
The piston assembly is manufactured according to the modified scheme. Before the test, the size of the piston pin is measured. The outer diameter of the piston pin is 38.102 mm, and the inner diameter is 38.110 mm. The single piston fatigue test is difficult for simulating the boundary conditions of piston analysis and cannot reflect the real working conditions of the piston. Therefore, the endurance test of the piston pin bore is carried out together with the engine endurance test. The piston is installed on the engine for fatigue endurance testing and is tested in the same environment. External test conditions are shown in Table 4 .
The endurance test of the engine needs to be carried out on the bench test; propellers must be installed on the bench as shown in Figure 17 , and this is different from other parts that can be fatigue tested independently. The bench can measure the torque and thrust and monitor the operating parameters of the engine. According to the requirements of the engine endurance test, the endurance test for 150 hours is completed according to the 14CFR33 of Federal Aviation Administration (FAA) [23]:
(1) A 30-hour run consisting of alternate periods of 5 minutes at rated take off power and 5 minutes at maximum recommended cruising power The engine is tested for 150 hours under the above conditions, and various parameters of the engine are recorded to ensure the normal operation of the engine. When the engine finishes running, the engine is dismantled after the machine is cooled to check the inner diame-ter of the piston pin holder and the outer diameter of the piston pin.
After the removal, abrasions or cracks inside of the pin bore and the surface of the piston pin are firstly checked from the outside. Then, the outside diameter of the piston pin is measured with the outside micrometer, and the average value is 38.098 mm obtained after measuring several times. Thirdly, the piston pin bore is measured with the inside micrometer mainly for the inner diameter of the middle section of the piston pin bore. The average value is 38.121 mm after multiple measurements. All the deformation values of the piston pin and the pin bore are within the limits of a manufacturer's deformation requirement. 
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Conclusions
In this paper, pin bore fatigue of the combined piston is studied. The composition of the combined piston is analyzed, and the boundary conditions of the piston analysis are discussed. The reliability of the piston is improved by changing the connecting position of internal threads of the piston, and the piston fatigue problem caused by pin bore deformation is solved. The conclusions are as follows: 
Data Availability
The simulation and experimental data used to support the findings of this study are included within the article. The pin bore of the combined piston simulation data have been recorded in the manuscript, and the bench test data is also recorded and analyzed in the manuscript, which proves the effectiveness of the improved scheme. The figures and tables in the manuscript record the data in detail, such as Table 1 which shows the mechanical performance parameters of piston components, Table 2 which shows the test values of the piston temperature field, and Figures 6-16 which record the simulation data.
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